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We conducted irradiation experiments with riverine, estuarine, and marine water samples to investigate the possibil-
ity of photochemical methane (CH4) formation. CH4 photoproduction was undetectable under oxic conditions or in the
absence of methyl radical precursors indicating that its photochemical formation is negligible in the present ocean. Sig-
nificant photochemical CH4 production was observed in the presence of a methyl radical precursor such as acetone
under strictly anoxic conditions. Our results indicate an indirect formation mechanism with coloured dissolved organic
matter acting as photosensitizer. We suggest that photochemical CH4 formation might have occurred in the anoxic
ocean surface layer of the Archean prior to the onset of O2 accumulation in the atmosphere at around 2300 million
years ago. Oceanic CH4 photoproduction via methyl radical (CH3) precursors and its subsequent release to the atmos-
phere may have contributed to high CH4 mixing ratios in the Archean atmosphere.
 2004 Published by Elsevier Ltd.
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Methane (CH4) is an atmospheric greenhouse gas,
which plays an important role in Earths climate. The
present-day worlds oceans are a natural source of
CH4, but are thought to play only a minor role in its glo-
bal atmospheric budget (Wuebbles and Hayhoe, 2002).
Despite the fact that biological CH4 formation (i.e.,
methanogenesis) is only possible under anoxic condi-0045-6535/$ - see front matter  2004 Published by Elsevier Ltd.
doi:10.1016/j.chemosphere.2004.06.022
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E-mail address: hbange@ifm-geomar.de (H.W. Bange).tions, the well-oxygenated surface layer of the open
ocean is often found to be enriched with dissolved
CH4 (for an overview see Bange et al. (1994)). No mech-
anism is yet able to fully explain this so-called ‘‘oceanic
methane paradox’’. In most cases, diffusion and mixing
can be excluded as CH4 sources. Therefore, various in-
situ production mechanisms have been proposed
such as CH4 formation during zooplankton grazing
(De Angelis and Lee, 1994) or formation in anoxic
microniches within sinking particles (Karl and Til-
brook, 1994; Holmes et al., 2000). These CH4 formation
pathways have in common that the required funda-
mental step is methanogenesis. An alternative non-bio-
logical CH4 formation in seawater might occur via a
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gated photochemical CH4 formation in seawater and
distilled water augmented with natural dissolved organic
carbon (DOC), but found CH4 production in only 2 out
of 15 experiments. Recently, however, Tilbrook and
Karl (1995) observed CH4 production in irradiation
experiments with seawater from the Pacific Ocean and
ascribed this CH4 formation to an as yet unknown, pos-
sibly photochemical, production pathway.
In contrast to the present situation, oceanic CH4
emissions might have played a crucial role in the early
Earths environment about 3–4 · 109 years ago when
the luminosity of the Sun was only 70–80% of its present
value (Sackmann et al., 1990). Pavlov et al. (2000) ar-
gued that CH4 produced by methanogens in the early
ocean might have been able to maintain high atmos-
pheric CH4 mixing ratios that contributed to. a super-
greenhouse on early Earth.
In this study we investigated the potential for photo-
chemical CH4 formation by conducting irradiation
experiments using a variety of natural water types: sea-
water, estuarine waters and riverine water. In addition,
we investigated possible pathways of photochemical
CH4 formation in these waters. Finally, we discuss the
possible contribution of a photochemical CH4 forma-
tion to Earths early atmosphere.2. Methods
Surface water samples were collected from the Tyne
estuary in Northeast England (55N, 1.7W). The sam-
ples were collected with a polypropylene bucket and
then transferred to pre-rinsed polyethylene carboys.
All samples were pressure-filtered with Helium (He)
through 0.7 lm (Gelman, TCLP Glass Fibre) and 0.2
lm (Whatman, Polycap AS Nylon) filters. This proce-
dure has been shown to remove more than 99.5% of bac-
teria and picoplankton as determined by flow cytometry
(Kitidis, 2002). Following filtration the samples were de-
gassed for at least 60 min with He, oxygen (O2) or nitro-
gen (N2), in order to control dissolved oxygen levels.
Experiments were performed under oxic (degassing
with O2, >99.6% purity), suboxic (degassing with He,
<7 ppm O2), and anoxic (degassing with O2-free N2,
<0.5 ppm O2) conditions. All gases were obtained from
British Oxygen Company (BOC) Ltd., UK, and used as
delivered. After degassing, subsamples were immediately
transferred into quartz irradiation flasks. In some
experiments, 0.21, 2.3 and 23 mmol l1 acetone (HPLC
grade) was added directly after degassing. Irradiations
were performed using a solar simulator equipped with
a xenon arc lamp (300 W, ozone-free, Model no. 6258,
Oriel Instruments, Stratford, Connecticut), surrounded
by a 2 mm borosilicate glass protective shield, which re-
moves ultraviolet (UV) radiation below 300 nm. Thelight intensity in the solar simulator (Iss) was 720
Wm2 (Kitidis, 2002), comparable to mid-day, summer-
time levels of clear sky irradiance at Newcastle upon
Tyne (55N). Samples were routinely irradiated for 1–
3, 20–23, or 44–46 h, and a few samples were irradiated
for up to 95 h. Control measurements were performed
on samples kept in the dark. Following irradiation, sub-
samples from CH4 analysis were transferred into 60 ml
crimp top vials. Then, He or N2 headspace was intro-
duced and the samples were equilibrated at room tem-
perature for 30 min, using a wrist action shaker. All
samples were analysed within 1 h after irradiation.
CH4 was analysed using a modification of the flame
ionisation gas chromatography (GC) system described
by Upstill-Goddard et al. (1996). The modification al-
lowed for the analysis of gas samples to be manually in-
jected with a syringe. Commercially available standard
gas mixtures, containing 5 ± 0.1 ppm and 2 ± 0.04 ppm
CH4 in N2 (Air Products) were used for detector calibra-
tion before and after the analysis of the headspace sam-
ples. The analytical precision of the GC measurement,
determined by replicate analyses (n = 7) of the low stand-
ard gas mixture was about 1.5%. Total dissolved CH4
was calculated from the measured headspace concentra-
tion using the Bunsen solubility (Wiesenburg and Guin-
asso, 1979). All samples were analysed in duplicates.
Based on the variation between replicate analyses, we
estimated the mean analytical error to be approximately
8% for natural samples (experiments 1–7, see Table 1)
and approximately 13% for acetone-spiked samples
(experiments 8–12, see Table 1). An overview of the irra-
diation experiments is given in Table 1.3. Results and discussion
Results from 6 out of 7 irradiation experiments with
filtered natural waters from the River Tyne, the Tyne
estuary and the adjacent North sea showed no signifi-
cant increase in CH4 concentrations with irradiation
time, and a slight CH4 increase (4.3 · 1014 mol l1 s1)
was observed in only one estuarine sample (Table 1,
experiments 1–7). Thus we concluded, that photochem-
ical CH4 production was not favoured under the experi-
mental conditions. Interestingly, CH4 concentrations in
estuarine and riverine samples (experiments 1–3, 6 and
7) showed a pronounced drop within the first 3 h of
the experiments in both the irradiated and the dark sam-
ples, whereas this behaviour was not detected in the
North Sea samples (experiments 4 and 5). Diffusion
through the vial septa cannot account for the observed
decrease in CH4 concentration, since ambient atmos-
pheric CH4 concentrations were much higher than the
CH4 headspace concentration, and therefore diffusion
through the septa should have led to an increase rather
than a decrease. The observed, slight decrease in CH4
Table 1
Overview of the irradiation experiments
Exp. Sample origin Salinity Treatment Added acetone (mmol l1) CH4 production
b (mol l1 s1)
1 Estuarya 9.7 Suboxic – 4.3 · 1014
2 Estuary 11.6 Suboxic – Nd
3 Estuary 11.6 Oxic – Nd
4 North Sea 33.1 Suboxic – Nd
5 North Sea 33.1 Oxic – Nd
6 River 0.42 Suboxic – Nd
7 River 0.42 Oxic – Nd
8 North Sea 33.1 Suboxic 0.21 1.1 · 1014
9 River 0.42 Anoxic 23 4.2 · 1011
10 River 0.42 Oxic 23 Nd
11 River 0.42 Anoxic 2.3 2.8 · 1012
12 Pure waterc 0 Anoxic 2.3 5.6 · 1013
Nd stands for not detectable. Exp. stands for experiment.
a Sample was taken on 31 May 2000. All other samples were taken on 28 June 2000.
b CH4 production rates were calculated for the increase between the data points at 3 and 21 h (exp. 1), 1 and 22 h (exp. 8), 2 and 70 h
(exp. 9), 2 and 22 h (exp. 11 and 12).
c We used high-purity laboratory water from a Millipore model Milli-Q plus 185 system.
Fig. 1. Results of experiments 1 (j) and 2 (N). Solid lines indicate for irradiated samples and dashed lines indicate dark samples. For
details see Table 1.
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in the filtered samples (see Fig. 1).
In order to investigate the photochemical reactivity
of potential methyl (CH3) radical precursors in natural
water matrices, we conducted further irradiation experi-
ments with samples spiked with varying amounts of ace-
tone (experiments 8–11). The photochemical breakdown
of acetone in aqueous solution is known to produce CH3
radicals (Volman and Swanson, 1960). A control exper-
iment with water from a high-purity laboratory water
system (Millipore, model Milli-Q plus 185) was also
performed (experiment 12). The addition of acetone
triggered pronounced formation of CH4 during irradia-
tion (Fig. 2). No CH4 formation was observed under
dark as well as oxic conditions. The results of the ace-tone-spiked experiments under anoxic condition (exper-
iments 9, 11, and 12) confirm that CH4 can be formed
photochemically from CH3 precursors in natural
waters (Ciamician and Silber, 1903; Qureshi and Tahir,
1932).
3.1. CH4 formation mechanism
While our results provide no direct evidence about
individual reaction steps or intermediates, they allow sev-
eral important conclusions, which can be used to con-
strain the nature of the pathways involved. We suggest
that photochemical CH4 formation in our experiments
8–9 and 11–12 involved the production of methyl radi-
cals (CH3). Acetone (CH3COCH3) in aqueous solutions
Fig. 2. Results of the irradiation of acetone spiked samples (for
details see Table 1). (a) Experiment 8; (b) experiments 9 and 10
(insert); (c) experiments 11 and 12.
Fig. 3. Relationship between CH4 production rates and
acetone concentration (y = 1.82 · 1012x, r2 = 0.998). For com-
parison, the CH4 production rate from acetone dissolved in
pure water is also shown (s). Acetone concentrations and
production rates are listed in Table 1.
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duced decomposition into acetyl (CH3CO) and CH3 via
a carbonyl a-fission (Norrish type I mechanism) (Volman
and Swanson, 1960; Kieber and Blough, 1990). More-
over, CH4 formation rates seem to depend on the amount
of available coloured dissolved organic matter (CDOM),
which might act as photosensitizer: Addition of acetone
to Tyne River water, which is CDOM-rich (CDOM
absorption coefficients, a350 = 20104 m1; Uher et al.,
2001), yields CH4 formation rates that are 5 times higher
than those in CDOM-free pure water with the same ace-
tone concentration (Fig. 3, Table 1). The capability of
CDOM to act as a photosensitizer in natural water pho-
tochemistry is well documented (Zafiriou et al., 1984).
Importantly, the absence of CH4 photoproduction under
oxic and suboxic conditions precludes oxygen-dependent
transients such as singlet oxygen or peroxide radicals.
However, a reaction pathway involving oxygen-inde-
pendent transients such as the dibromine radical ion
ðBr2 ) or the carbonate radical ion ðCO3 Þ would be con-sistent with an anoxic sensitisation reaction. Br2 and
CO3 are consecutive products of the hydroxyl radical
(OH), which in turn is a known by-product of CDOM
photochemistry in seawater (Mopper and Zhou, 1990).
The final step of CH4 photoproduction may involve
hydrogen abstraction by the CH3 radical from a variety
of possible substrates. Since we degassed our samples
prior to the experiments, reactions of CH3 with volatile
compounds can be excluded. At high acetone concentra-
tions, CH3 might react with acetone itself (see experi-
ment 12) to form CH4 (Neta et al., 1996). Other
possibilities may involve hydrogen abstraction from
DOM or from thiols such as cysteine and glutathione,
which are highly reactive towards CH3 (Neta et al.,
1996) and are found at nanomolar levels in oxygenated
surface waters (Al-Farawati and van den Berg, 2001).
Our results show that no significant CH4 formation oc-
curred under oxic and suboxic conditions even when
high concentrations of acetone were present (experi-
ments 8 and 10). These results can be explained by the
reaction of CH3 radicals with dissolved O2, which is fa-
voured by the high dissolved O2 concentrations in sur-
face waters (Neta et al., 1996). Additional studies are
required to better characterize the individual steps in-
volved in CH4 photoproduction.
3.2. Implications for the atmosphere of the early earth
Our experiments revealed that anoxic conditions are
the main prerequisite of photochemical CH4 formation
in the ocean. The present oceans surface layer is well
oxygenated. However, the surface layer of the ocean in
H.W. Bange, G. Uher / Chemosphere xxx (2004) xxx–xxx 5
ARTICLE IN PRESSthe Archean was anoxic prior to the onset of O2 accumu-
lation in the atmosphere, which occurred at approxi-
mately 2.3 million years ago (Farquhar et al., 2000;
Bekker et al., 2004). In this period, elevated greenhouse
gas levels of CH4 and CO2 are believed to have counter-
acted the reduced luminosity of the Sun. According to
the model study by Pavlov et al. (2000), an atmospheric
CH4 mixing ratio of approximately 100 ppm would have
been sufficient to maintain surface temperatures above
freezing level. Such high mixing ratios would require
CH4 flux densities in the order of 1.7 · 1010
molm2 s1. With a mixed layer depth of 50 m we calcu-
late the theoretically required oceanic CH4 production
rate (ro) to be 3.4 · 1015 mol l1 s1.
In the following, we explore the possibility of a pho-
tochemical, oceanic CH4 source in the Archean. Our
preliminary estimate of the global oceanic CH4 photo-
production during the Archean requires assumptions
on surface irradiance levels and light attenuation in the
water column, in order to extrapolate ambient CH4
photoproduction rates from our laboratory data. Given
the sparse knowledge about marine biogeochemistry in
the Archean, any discussion of a photochemical source
term must be speculative by nature.
We estimated oceanic CH4 photoproduction rates
from laboratory rates, laboratory and ambient irradi-
ance levels, and light attenuation in the water column
using an expression from Uher and Andreae (1997),
ro ¼ rss Iað1 expðKDMLDÞÞI ssKDMLD
 
ð1Þ
where ro and rss are CH4 production rates in the ocean
mixed layer and solar simulator, Ia and Iss are mean glo-
bal irradiance at surface and in the ocean mixed layer
and solar simulator, KD is the light attenuation coeffi-
cient and MLD the mixed layer depth.
For Ia we used 148 Wm
2, which corresponds to the
value of present-day mean global irradiance (185 Wm2;
Leifer, 1988) adjusted for a 20% reduced luminosity in
the Archean. The light intensity in the solar simulator
(Iss) was 720 Wm
2 (Kitidis, 2002). The mixed layer
depth was assumed to be 50 m based on recent climato-
logical data of the present ocean (Levitus and Boyer,
1994). Regarding the light attenuation coefficient (KD),
we assumed that mid-UV (350 nm) radiation is primarily
responsible for CH4 production. Based on mid-UV light
attenuation in the present day open ocean we assumed
representative KD values ranging from 0.05 to 0.2 m
1
(Kirk, 1994).
In order to estimate the potential of CH4 photopro-
duction as a source of atmospheric CH4 in the Archean
we used the relation between CH4 production rates, rss
(mol l1 s1), and acetone concentrations (mmol l1) as
shown in Fig. 3:
rss ¼ 1:82 1012½acetone ð2ÞBy combining Eqs. (1) and (2) with the theoretically
required production rate ro (see above), we can estimate
the concentration of acetone required to maintain an
atmospheric CH4 mixing ratio of 100 ppm solely via
photoproduction:
½acetone ¼ ro I ssKDMLD
Iað1 expðKDMLDÞÞ1:82  1012
 
ð3Þ
With Eq. (3) and KD ranging from 0.05 to 0.2 m
1
the values for the required acetone concentration were
0.02–0.09 mmol l1. Accordingly, a 10% contribution
of oceanic CH4 photoproduction the global CH4 emis-
sions would require a minimum concentration of 2
lmol l1 acetone. In the absence of any in-situ oceanic
production of acetone, a mean atmospheric acetone mix-
ing ratio of 125 ppb would be required to maintain an
equilibrium water concentration of 2 lmol l1 (at a salin-
ity of 35 and 30 C water temperature) (Benkelberg
et al., 1995). For comparison: todays tropospheric mix-
ing ratios of acetone are usually between 0.4 and 1 ppb
(Jacob et al., 2002) and measured oceanic concentra-
tions lie in the range from 0.003 to 0.055 lmol l1 (Zhou
and Mopper, 1997). However, enhanced atmospheric
acetone mixing ratios during the Archean seem plausible
given the following three lines of reasoning. Firstly, ace-
tone removal via reaction with OH radicals, one of its
main sinks, was likely to be 	1000-fold reduced com-
pared to present day levels due to the competing reac-
tion of OH with molecular hydrogen in the Archean
(Pavlov et al., 2000). Secondly, we speculate that the
atmospheric acetone might have been formed from the
hydrocarbon haze layer in the Archean atmosphere
(Pavlov et al., 2001). Thirdly, phylogenetic analysis
indicates that the bacterial group Clostridium, which in-
cludes the anaerobic acetone producers C. acetobutyli-
cum, evolved significantly before the advent of green
non-sulfur bacteria and cyanobacteria at the begin of
the Archean (Gupta, 2003). It might be therefore plausi-
ble that acetone production from anaerobic fermenta-
tion by C. acetobutylicum strains may have been
important in the anoxic environment of Archean Earth.
Photochemical CH4 production also may have been
favoured by enhanced UV-B irradiance, which 3.6 ·
109 years ago was approximately 3 times higher than
present day levels (Cockell, 1998). In the absence of
wavelength dependent photoproduction rate data, rigor-
ous assessment of the overall effect of enhanced UV-B
levels is not possible to date. However, given that appar-
ent quantum yields of total free radical production in-
crease with decreasing wavelength (Zafiriou and
Dister, 1991), the enhanced UV-B levels in the Archean
were likely to significantly enhance photochemical CH4
production. For the purpose of illustrating the potential
effects of enhanced UV-B in the Archean, we may
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nm is primarily responsible for CH4 production, (2)
KD at 310 nm was 0.1–0.5 m
1 (Kirk, 1994), (3) UV-B
was 3-fold enhanced over present day levels, and (4)
CH4 production would be 3-fold enhanced over our lab-
oratory rates which excluded UV-B. Again, using Eq.
(3), these conditions would require acetone concentra-
tions of only 5–25 lmol l1, to explain global Archean
CH4 production. Similarly, oceanic CH4 photoproduc-
tion in the order of 10% of the global CH4 emissions
would require a minimum concentration of less than
0.5 lmol l1 acetone, very close to the upper range of
present day levels (Zhou and Mopper, 1997). In addi-
tion, acetone may not be the only possible substrate.
We would like to suggest that future work should inves-
tigate other water soluble CH3 precursors such as aceto-
nitrile (CH3CN), methionine or dimethyl sulfoxide
(CH3SOCH3). In summary, we conclude that CH4
photoproduction might have contributed significantly
to the atmospheric CH4 mixing ratio in the Archean
atmosphere.4. Summary
We found no CH4 photoproduction in natural waters
of the Tyne estuary and the adjacent North Sea indicat-
ing that its photoproduction in the present ocean is neg-
ligible. Pronounced CH4 photoproduction was only
observable under anoxic conditions with added acetone
acting as a precursor of CH3 radicals. Production rates
were enhanced by a photosensitizer; most likely col-
oured dissolved organic matter. We suggest that the an-
oxic conditions of the ocean during the Archean would
have been favourable for a photochemical CH4 forma-
tion. Its formation via CH3 precursors such as acetone
might have contributed significantly to the establishment
of high atmospheric CH4 mixing ratios in the Archean
atmosphere of the early Earth.Acknowledgements
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